1. Introduction {#sec1}
===============

Despite the major improvements in primary and secondary prevention strategies, atherosclerosis-related cardiovascular diseases (CVD) remain the main cause of morbidity and mortality worldwide \[[@bib1],[@bib2]\]. In the recent years, complex genetic and epigenetic interactions converging to changes in gene function and cell phenotype that occurs independently of DNA sequence have been increasingly implicated in CVD \[[@bib3],[@bib4]\]. Three major epigenetic mechanisms have been characterized: DNA methylation, post-translational modification of nucleosomal histones, and non-coding RNA. In this context, unveiling the patient epigenetic background represents an important goal of precision medicine in CVD patients \[[@bib5]\]. Notably, unlike non-modifiable genetic variants, the plasticity of epigenetic modifications offers the advantage of gene expression reprogramming by means of pharmacological interventions.

Among other epigenetic systems, it has become increasingly evident that alterations in histone acetylation may play a role in CVD, particularly in atherosclerosis. Histone acetylation is controlled by two enzyme families namely, histone acetyltransferase (HAT) and histone deacetylase (HDAC). According to the canonical theory, acetylation of nucleosomal histones by HAT induces chromatin relaxation, a conformational state that promotes genes transcription by enabling the interactions among transcription factors and their consensus DNA binding elements in the genome. Other than the effect on histones, HAT and HDAC also act on non-histone proteins such as transcription factors and transcriptional co-activators to induce or repress the gene expression \[[@bib6],[@bib7]\].

Experimental results in mice suggest that HDAC is a promising novel target for the treatment of a number of human cardiometabolic diseases including heart failure, hypertension, aortic aneurism, diabetes, and atherosclerosis \[[@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15]\]. HDAC family comprises four different classes, namely class I (HDAC1, 2, 3, 8), class IIa (HDAC4, 5, 7, 9), class IIb (HDAC6, 10), class III (sirtuin, Sirt1-7), and class IV (HDAC11). HDAC subtypes feature distinct enzymatic activities and intracellular compartmentalization that dictate their biological functions. While HDAC1, 2, 8 are mainly localized in the cell nucleus, the other HDAC subtypes can shuttle between cytoplasm and nucleus \[[@bib16],[@bib17]\].

Despite the important reported data, the precise role of the HDAC system in atherosclerosis is debatable \[[@bib18], [@bib19], [@bib20]\]. NADPH oxidase (Nox)-derived reactive oxygen species (ROS) underlay early and advanced inflammatory reactions in atherosclerosis \[[@bib21]\]. Yet, the implication of HDAC in mediating Nox up-regulation and oxidative stress in atherosclerosis is largely unknown. We hypothesized that HDAC isoenzymes may act as up-stream modulators of Nox up-regulation and the ensuing oxidative stress and inflammation in the process of atheroma formation. To test this hypothesis, we designed experiments on human non-, and atherosclerotic arterial specimens, apolipoprotein E deficient (ApoE−/−) mice, and in vitro polarized mouse monocyte (Mon)-derived macrophages (Mac).

We provide evidence that class I, IIa, IIb, and IV HDAC isoenzymes are up-regulated in human carotid artery-derived atherosclerotic lesions, atherosclerotic aorta of ApoE−/− mice, and in inflammatory M1-Mac. In addition, we demonstrated that pharmacological inhibition of HDAC (SAHA) reduces the progression of atherosclerotic lesions in the aorta of hypercholesterolemic ApoE−/− mice, a condition that was correlated with reduced immune cell infiltration, Nox expression, NADPH-stimulated ROS production, and down-regulated levels of markers of oxidative stress and inflammation. Moreover, in cultured M1-Mac, exposure to SAHA reduces significantly the augmented expression levels of Nox and tumor necrosis factor α (TNFα).

The results of this study strengthen and extend the rationale of using HDAC inhibitors in order to counteract oxidative stress and inflammation in atherosclerosis, possibly connected to up-regulated Nox-derived ROS production.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

If not specified, standard chemicals, reagents, kits, and disposables were obtained from Sigma-Aldrich, Thermo Fisher Scientific/Invitrogen, R&D Systems, Roche, Bio-Rad, TPP, and Eppendorf. Primary and secondary antibodies were from Santa Cruz Biotechnology, Sigma-Aldrich, and R&D Systems.

2.2. Collection of human non-atherosclerotic and atherosclerotic tissue samples {#sec2.2}
-------------------------------------------------------------------------------

Non-atherosclerotic tissue specimens resulting from superior thyroid arteries (control) and carotid artery-derived atherosclerotic plaques were obtained as discarded biological materials from patients undertaking extended carotid endarterectomy (at University Hospital, Bucharest). Ultrasound imaging interrogation and angiography were used to demonstrate the severe stenosis of the atherosclerotic carotid arteries in each patient. Clinical characteristics of the patients are shown in [Table 1](#appsec1){ref-type="sec"} (Supplemental file). The study was conducted in agreement with the ethical directives for medical research involving human subjects (The Code of Ethics of the World Medical Association, Declaration of Helsinki). Written informed consent was obtained from all patients. The study protocols were approved by the ethical committee of the Institute of Cellular Biology and Pathology (ICBP) "Nicolae Simionescu".

2.3. In vivo set-up of experimental atherosclerosis model and treatment strategy {#sec2.3}
--------------------------------------------------------------------------------

Male ApoE−/− and C57BL/6J mice derived from The Jackson Laboratory were used in this study. The mice were exposed to 12-h cycles of light/dark and had access to diet and water *ad libitum*. At 8 weeks of age, ApoE−/− mice (n = 24) were fed a high-fat, cholesterol-rich diet (HD) for 10 weeks in order to develop intermediate atherosclerotic lesions along the aorta \[[@bib22]\]. Age-matched ApoE−/− mice (n = 12), fed a normal diet (ND) were used as controls. After 10 weeks, ApoE−/− mice maintained on either normal or atherogenic diet were randomized to receive via intraperitoneal injection 10 mg/kg suberoylanilide hydroxamic acid (SAHA), a pan-HDAC inhibitor or its vehicle (DMSO) every other day for 4 weeks. There were three experimental groups (n = 12/group): (i) ApoE−/− (ND) + vehicle, (ii) ApoE−/− (HD) + vehicle, and (iii) ApoE−/− (HD) + SAHA. The concentration and the route of SAHA administration to mice were established in agreement with the preceding in vitro and in vivo experiments \[[@bib15],[@bib23]\]. The extent of atherosclerotic lesions along the aorta was assessed by *en face* Oil Red O (ORO) staining. ImageJ™ software (NIH Image, USA) was employed to quantify the ORO positive staining area. The animal studies were done in accordance with the guidelines of EU Directive 2010/63/EU and the experimental protocols were approved by the ethical committee of the Institute of Cellular Biology and Pathology "Nicolae Simionescu".

2.4. Cell culture experimental design {#sec2.4}
-------------------------------------

In vitro studies were done on resting (M0) and polarized (M1/M2) mouse Mon-derived Mac. Mon were separated by negative selection from the spleen of C57BL6J mice (n = 80) fed a normal diet employing EasySep™ mouse monocyte isolation kit (Stemcell™ Technologies). To induce Mon-to-Mac differentiation, freshly isolated Mon were seeded at a density of 1.5 × 10^5^ cells per well into 12-well tissue culture plates, and cultured for 7 days in RPMI-1640 medium containing 10% fetal bovine serum (FBS), 10% L929 cell line (Sigma)-derived conditioned medium, and 2% penicillin-streptomycin-neomycin solution (Sigma). To promote pro-inflammatory (M1) or anti-inflammatory (M2) Mac phenotype, the adherent cells (Mac) were cultured for another 3 days in RPMI-1640 medium containing 10% FBS and 2% antibiotics supplemented with 100 ng/ml LPS + 20 ng IFNγ to induce the M1-like Mac or with 20 ng/ml IL-4 to induce the M2-like Mac \[[@bib24]\]. The cells exposed to the culture medium alone were taken as resting Mac (M0). In some experiments, the M1-and M2-Mac were further challenged for 24 h with polarization factors (e.g., LPS + IFNγ/M1-Mac; IL-4/M2-Mac) in the absence or presence of 5 μM SAHA. The optimal concentration of SAHA was employed as previously published \[[@bib15]\].

2.5. Assessment of plasma levels of total cholesterol, LDL-cholesterol, HDL-cholesterol, and triglycerides in mice {#sec2.5}
------------------------------------------------------------------------------------------------------------------

Blood samples were taken from each animal via cardiac puncture at the time of sacrifice on BD Vacutainer® spray-coated EDTA tubes (Becton Dickinson) to prepare the plasma. The levels of total cholesterol, LDL-cholesterol, HDL-cholesterol, and triglycerides were measured spectrophotometrically in the plasma of mice using standard kits (Dialab).

2.6. Real-time polymerase chain reaction assay (real time-PCR) {#sec2.6}
--------------------------------------------------------------

Total cellular RNA was isolated from cultured Mac employing a silica-based column purification kit (Sigma). M-MLV reverse-transcriptase was used to synthesize the complementary DNA strand (cDNA) from single-stranded RNA in accordance to manufacturer\'s instructions (Thermo Fisher Scientific). SYBR™ Green I probe was used to monitor cDNA amplification (LightCycler™ 480 II thermocycler, Roche). The mRNA expression levels were quantified employing the comparative C~T~ method \[[@bib25]\] using the β-Actin mRNA level for internal normalization \[[@bib26]\]. The sequences of the oligonucleotide primers \[[@bib27], [@bib28], [@bib29]\] and the GeneBank® accession numbers are included in [Table 2](#appsec1){ref-type="sec"} (Supplemental file).

2.7. Western blot assay {#sec2.7}
-----------------------

Total protein extracts derived from human and mouse non-atherosclerotic and atherosclerotic arterial tissues and cultured Mac were prepared as previously described \[[@bib30]\]. Briefly, tissue samples were washed in PBS (pH 7.4, 4 °C), resuspended in RIPA buffer containing a protease inhibitor cocktail (Sigma), and subjected to mechanical disruption employing a glass bead (1.0 mm diameter) homogenizer (BioSpec). The tissue homogenates and cultured cells were resuspended in 2 x Laemmli\'s electrophoresis sample buffer and incubated for 20 min at 95 °C. Protein samples (tissue: 30 μg protein/lane, cells: 50 μg protein/lane) were run on SDS-PAGE and transferred onto nitrocellulose membranes (Bio-Rad). The following primary antibodies were used: HDAC1 (rabbit polyclonal, sc-7872, dilution 1:200), HDAC2 (rabbit polyclonal, sc-7899, dilution 1:200), HDAC3 (mouse monoclonal, sc-17795, dilution 1:200), HDAC4 (mouse monoclonal, sc-46672, dilution 1:200), HDAC6 (mouse monoclonal, sc-28386, dilution 1:200 and rabbit polyclonal, SAB4500011, dilution 1:500), HDAC11 (mouse monoclonal, sc-390737, dilution 1:200), Nox1 (rabbit polyclonal, sc-25545, dilution 1:200), Nox2/gp91phox (mouse monoclonal, sc-130543, dilution 1:200), Nox4 (rabbit polyclonal, sc-30141, dilution 1:200), 4-hydroxynonenal (mouse monoclonal, MAB3249, dilution 1 μg/mL) or β-Actin (mouse monoclonal, sc-47778, dilution 1:500). Anti-rabbit IgG-HRP (sc-2370, dilution 1:2000) and anti-mouse IgG-HRP (sc-2031, dilution 1:2000) secondary antibodies were used. Chemiluminescence imaging of protein bands was done using a digital detection system (ImageQuant LAS 4000, Fujifilm). The expression level of β-Actin protein was used for internal normalization. TotalLab™ software was employed for densitometric analysis of protein expression levels.

2.8. Measurement of ROS production {#sec2.8}
----------------------------------

Lucigenin-enhanced chemiluminescence assay was employed to determine the NADPH-stimulated ROS production in intact aortic segments as previously described \[[@bib31]\]. Briefly, the samples were exposed to 50 mM phosphate buffer (pH 7.0) containing EDTA-free protease inhibitor cocktail, 5 μM lucigenin, and 100 μM NADPH. The light emission was recorded in a tube luminometer (Berthold) and the ROS production was calculated from the ratio of mean light units (MLU) to vessel dry weight.

2.9. Enzyme-linked immunosorbent assay (ELISA) {#sec2.9}
----------------------------------------------

TNFα level was determined in Mac culture supernatants employing an ELISA kit in accordance to the manufacturer\'s protocol (R&D Systems).

2.10. Statistical analysis {#sec2.10}
--------------------------

Data derived from minimum three independent experiments were expressed as mean ± standard deviation (SD). Statistical analysis was done by *t*-test and one-way analysis of variance (ANOVA™) followed by Tukey\'s post hoc test; *P* \< 0.05 was considered as statistically significant.

3. Results {#sec3}
==========

3.1. Class I, IIa, IIb, and IV HDAC subtypes are up-regulated in atherosclerotic human carotid arteries {#sec3.1}
-------------------------------------------------------------------------------------------------------

The rationale of using HDAC inhibitors in various experimental models of CVD is generally based on the up-regulated HDAC expression, a condition that promotes epigenetic instability and alterations in gene expression. Previous studies have provided persuasive evidence indicating that HDAC3 and HDAC9 isoforms are up-regulated in human atherosclerotic lesions and they are mechanistically implicated in the process of atheroma formation in mice \[[@bib32], [@bib33], [@bib34]\]. To further explore the potential implication of other HDAC isoforms in human atherosclerosis, the protein expression levels of additional HDAC subtypes were investigated in atherosclerotic tissue specimens derived from human carotid arteries and in non-atherosclerotic tissue samples obtained from superior thyroid arteries. Significant increases in HDAC1 (≈2.9-fold), HDAC2 (≈3.7-fold), HDAC3 (≈3.8-fold), HDAC4 (≈2.4-fold), HDAC6 (≈1.9-fold), and HDAC11 (≈2.5-fold) protein levels were revealed by Western blot analysis in atherosclerotic tissues compared to values obtained for non-atherosclerotic control samples ([Fig. 1](#fig1){ref-type="fig"}A-L). Representative ultrasound imaging interrogation showing the extensive atherosclerotic disease beyond the carotid bifurcation and an extended endarterectomy-derived atherosclerotic tissue sample employed in the study are depicted in Fig. 1M--O. These results provide further support for the existence of a positive correlation between up-regulated HDAC protein levels and severe atherosclerotic lesions in humans. Moreover, additional HDAC subtypes that fall into class I (HDAC1, HDAC2, and previously highlighted HDAC3), class IIa (HDAC4), class IIb (HDAC6), and class IV (HDAC11) categories were found significantly elevated in human atherosclerotic tissues.Fig. 1The protein levels of class I, IIa, IIb, and IV HDAC subtypes are significantly up-regulated in atherosclerotic human carotid arteries. (A-C, G-I) Densitometric analysis showing fold change relative protein expression levels of HDAC1, HDAC2, HDAC3, HDAC4, HDAC6, and HDAC11 subtypes in human non-, and atherosclerotic arterial specimens. (D-F, J-L) Representative immunoblots depicting the up-regulation of HDAC protein levels in atherosclerotic tissue derived from human carotid arteries as compared to non-atherosclerotic arterial samples. (M) Representative ultrasound interrogation image in a study patient with severe stenosis of the atherosclerotic carotid artery. ICA: [i]{.ul}nternal [c]{.ul}arotid [a]{.ul}rtery, ECA: [e]{.ul}xternal [c]{.ul}arotid [a]{.ul}rtery. CCA: [c]{.ul}ommon [c]{.ul}arotid [a]{.ul}rtery. (N, O) Representative images of an atherosclerotic tissue specimen derived from a patient undergoing carotid endarterectomy. n = 4, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. *P*-values were taken in relation to non-atherosclerotic condition.Fig. 1

3.2. HDAC inhibition has no effect on body weight and plasma levels of total cholesterol, LDL-cholesterol, HDL-cholesterol, and triglycerides in hypercholesterolemic ApoE−/− mice {#sec3.2}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

For further mechanistic determinations of our findings obtained on human atherosclerotic specimens we employed ApoE−/− mice as an in vivo model of experimental atherosclerosis. Noteworthy, the expression of HDAC and Nox subtypes and the levels of oxidative stress and inflammatory markers were determined in ApoE−/− mice with established aortic atherosclerosis, an experimental set-up that is considered potentially relevant for human atherosclerotic disease \[[@bib22],[@bib35]\]. Thus, after 10 weeks on high-fat, cholesterol-rich diet, ApoE−/− mice featuring intermediate atherosclerotic lesions throughout the aorta \[[@bib22]\], were further divided in two experimental groups to receive SAHA or its vehicle (DMSO) for 4 weeks. Te results showed that at the end of the treatment procedure the plasma levels of total cholesterol, LDL-cholesterol, HDL-cholesterol, and triglycerides were significantly higher in ApoE−/− (HD) mice compared with ApoE−/− (ND) animals. Notably, no significant changes in body weight and plasma levels of total cholesterol, LDL, HDL, and triglycerides were determined in response to SAHA administration ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2(A) Schematic representation of the experimental setup to induce atherosclerotic lesion formation in the aorta of ApoE−/− mice and the time periods of SAHA/vehicle administration to mice. (B--F) Assessment of body weight and plasma levels of total cholesterol, LDL-cholesterol, HDL-cholesterol, and triglycerides for each animal group at the end of the treatment procedure. n = 8--12, \*\*\**P* \< 0.001. *P*-values were taken in relation to ApoE−/− (ND) condition.Fig. 2

3.3. Class I, IIa, IIb, and IV HDAC subtypes are up-regulated in the atherosclerotic aorta of hypercholesterolemic ApoE−/− mice {#sec3.3}
-------------------------------------------------------------------------------------------------------------------------------

Based on the fact that several HDAC subtypes are induced in human atherosclerotic tissues, we next questioned whether a comparable expression profile exists in atherosclerotic ApoE−/− mice. To this purpose, the aorta derived from ApoE−/− mice fed a normal or a high-fat, cholesterol-rich diet were dissected out, processed for protein extraction, and subjected to Western blot analysis. After 14 weeks of hypercholesterolemia, significant elevations in HDAC1 (≈2.1-fold), HDAC2 (≈3.2-fold), HDAC3 (≈1.7-fold), HDAC4 (≈2.7-fold), HDAC6 (≈2-fold), and HDAC11 (≈1.8-fold) protein levels were determined in the atherosclerotic aorta of ApoE−/− (HD) mice compared with ApoE−/− (ND) animals ([Fig. 3](#fig3){ref-type="fig"}).Fig. 3The protein levels of class I, IIa, IIb, and IV HDAC subtypes are up-regulated in the atherosclerotic aorta of hypercholesterolemic ApoE−/− mice. (A-C, G-I) Densitometric analysis showing the increased expression of the HDAC1, HDAC2, HDAC3, HDAC4, HDAC6, and HDAC11 proteins in the atherosclerotic aorta of ApoE−/− mice after 14 weeks on high-fat, cholesterol-rich diet. (D-F, J-L) Representative immunoblots depicting the up-regulation of HDAC subtype in the aorta of ApoE−/− (HD) as compared with ApoE−/− (ND) mice. n = 4--5, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. *P*-values were taken in relation to ApoE−/− (ND) condition.Fig. 3

3.4. SAHA reduces significantly the progression of atherosclerotic lesions in the aorta of hypercholesterolemic ApoE−/− mice {#sec3.4}
----------------------------------------------------------------------------------------------------------------------------

Since multiple Zn^2+^-containing HDAC isoforms are induced in the atherosclerotic aorta of ApoE−/− (HD) mice, a clinically approved pan-HDAC inhibitor was employed in order to assess the implication of HDAC-related signalling pathways in the process of atheroma formation. As revealed by Oil Red O staining, the formation of atherosclerotic lesions was markedly increased (≈17-fold) throughout the aorta of ApoE−/− (HD) compared with ApoE−/− (ND) at the moment of animal sacrifice. Notably, compared to vehicle-treated ApoE−/− (HD) mice, SAHA administration induced a significant reduction (≈37%) of the atherosclerotic plaque area along the aorta of ApoE−/− (HD) mice ([Fig. 4](#fig4){ref-type="fig"}).Fig. 4The progression of atherosclerotic lesions is significantly reduced by SAHA in the aorta of hypercholesterolemic ApoE−/− mice. (A) Representative en face Oil Red O (ORO) stained atherosclerotic lesions displayed along the aorta of ApoE−/− mice. Images were taken in the absence (-ORO) and presence (+ORO) of the staining solution. Note the staining of the lesional lipid deposits/atherosclerotic lesions at different aortic territories (i.e., aortic arch, thoracic aorta, abdominal aorta). (B) Quantification of atherosclerotic lesion area. n = 5--6, \**P* \< 0.05. *P*-value was taken in relation to ApoE−/− (HD) condition. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 4

3.5. SAHA decreases CD68 and CD45 protein levels in the atherosclerotic aorta of ApoE−/− mice {#sec3.5}
---------------------------------------------------------------------------------------------

To elucidate the potential mechanisms of action of SAHA that may partially explain the reduction in atherosclerotic lesion area, the expression of CD68 and CD45, reliable markers of immune cell infiltration (especially Mac infiltration that is typical for ApoE−/− model), were assessed by Western blot using aortic protein extracts from each experimental group. As predicted, robust increases in CD68 (≈2.3-fold) and CD45 (≈2.5-fold) protein levels were detected in the aorta of ApoE−/− (HD) mice compared with ApoE−/− (ND) mice. Noteworthy, administration of SAHA resulted in a significant reduction in aortic CD68 and CD45 protein levels in ApoE−/− (HD) mice compared with vehicle-treated ApoE−/− (HD) mice ([Fig. 5](#fig5){ref-type="fig"}). These data indicate that reduced aortic Mon recruitment and subsequent Mac-derived foam cell formation in response to pan-HDAC pharmacological inhibition may explain the impact of SAHA treatment on atherosclerotic lesion progression in ApoE−/− (HD) mice.Fig. 5SAHA decreases the levels of markers of immune cell infiltration in the atherosclerotic aorta of hypercholesterolemic ApoE−/− mice. (A, B) Western blot assay indicating the significant reduction in CD68 and CD45 protein levels in the aorta of SAHA-treated ApoE−/− (HD) mice. (C, D) Representative immunoblots showing the regulation of CD68 and CD45 protein levels in the aortic protein extracts derived from each animal group. n = 4--5, \**P* \< 0.05, \*\**P* \< 0.01. *P*-values were taken in relation to ApoE−/− (HD) condition.Fig. 5

3.6. SAHA down-regulates Nox1 and Nox4 protein levels in the atherosclerotic aorta of ApoE−/− mice {#sec3.6}
--------------------------------------------------------------------------------------------------

Overproduction of ROS triggered by up-regulated Nox is acknowledged as master regulator of inflammatory signalling pathways in atherosclerosis \[[@bib21],[@bib36]\]. To explore whether mechanistic links exist between HDAC and Nox in atherosclerosis, we next determined the aortic protein expression of the catalytic subunits of the Nox complex, namely Nox1, Nox2, and Nox4. The results showed that the protein level of each Nox subunit was significantly up-regulated (Nox1: ≈4.6-fold, Nox2: ≈2.5-fold, Nox4: ≈2.7-fold) in the atherosclerotic aorta of ApoE−/− (HD) mice compared with ApoE−/− (ND) mice. Interestingly, the up-regulated protein expression levels of Nox1 and Nox4 subtypes, but not Nox2 were significantly reduced in response to SAHA treatment in ApoE−/− (HD) mice ([Fig. 6](#fig6){ref-type="fig"}). These results indicate that various Zn^2+^-containing HDAC isoforms function as up-stream regulators of Nox expression and potentially Nox overactivity in experimental atherosclerosis.Fig. 6Activation of HDAC-dependent signalling pathways augments the protein expression levels of Nox subtypes in the atherosclerotic aorta of ApoE−/− mice. (A--C) Quantification of Western blot data showing the fold changes in Nox1, Nox2, and Nox4 protein expression levels in the aorta of vehicle- or SAHA-treated ApoE−/− mice maintained on normal (ND) or high-fat, cholesterol-rich diet (HD). (D--F) Representative immunoblots depicting the regulation of Nox1, Nox2, and Nox4 expression in the aortic protein extracts derived from each animal group. n = 4--5, \**P* \< 0.05. *P*-values were taken in relation to ApoE−/− (HD) condition.Fig. 6

3.7. SAHA down-regulates NADPH-stimulated ROS production in the atherosclerotic aorta of ApoE−/− mice {#sec3.7}
-----------------------------------------------------------------------------------------------------

To determine the implication of HDAC signalling in the regulation of NADPH-induced ROS production in the aorta of ApoE−/− mice, lucigenin-enhanced chemiluminescence assay was employed. The results showed a significant up-regulation (≈1.8-fold) of the NADPH-stimulated chemiluminescence signal in the aorta of ApoE−/− (HD) mice as compared with ApoE−/− (ND) mice. Interestingly, treatment of ApoE−/− (HD) mice with SAHA reduced the augmented ROS production to a level that was comparable to the value obtained for ApoE−/− (ND) mice ([Fig. 1](#fig1){ref-type="fig"} in Supplemental file).

3.8. SAHA reduces the formation of 4-HNE-protein adducts in the atherosclerotic aorta of ApoE−/− mice {#sec3.8}
-----------------------------------------------------------------------------------------------------

To explore whether SAHA has a potential anti-oxidative stress effect in atherosclerotic mice, we determined the formation of 4-hydroxy-2E-nonenal (4-HNE), a highly reactive lipid peroxidation product \[[@bib37]\]. The aortic production of 4-HNE was indirectly assessed by Western blot assay employing a mouse monoclonal antibody raised against 4-HNE-(histidine) protein adducts. The antibody labelled protein bands of ≈90 kDa, ≈ 60 kDa, and ≈30 kDa in the aortic protein extracts derived from ApoE−/− (ND) and ApoE−/− (HD) animal groups. Significant increases in 4-HNE-protein adducts (≈4-fold) were detected in the aorta of ApoE−/− (HD) mice compared to ApoE−/− (ND) mice. Treatment of ApoE−/− (HD) mice with SAHA resulted in a marked decrease in aortic 4-HNE-protein adducts formation compared to untreated ApoE−/− (HD) animals ([Fig. 7](#fig7){ref-type="fig"}). Based on previous data demonstrating that Nox-derived ROS induce 4-HNE formation in diabetic conditions \[[@bib38]\], we may assume that up-regulated Nox-derived ROS may partially contribute to 4-HNE overproduction in the aorta of hypercholesterolemic ApoE−/− mice.Fig. 7SAHA significantly reduces the level of lipid peroxidation in the atherosclerotic aorta of ApoE−/− mice. (A) Densitometric analysis depicting the down-regulation of 4-HNE-protein adducts formation in SAHA-treated ApoE−/− (HD) mice. (B) Representative immunoblot demonstrating the negative impact of SAHA on 4-HNE-protein adducts accumulation in aorta of ApoE−/− mice under hypercholesterolemic conditions. n = 4, \*\**P* \< 0.01. *P*-value was taken in relation to the values obtain for vehicle-treated ApoE−/− (HD) mice.Fig. 7

3.9. SAHA-induced pharmacological inhibition of HDAC down-regulates markers of inflammation in the atherosclerotic aorta of ApoE−/− mice {#sec3.9}
----------------------------------------------------------------------------------------------------------------------------------------

To examine the impact of HDAC-activated signalling pathways on vascular inflammation in experimental atherosclerosis, we determined the protein expression levels of NOS2 and MMP9, two pro-atherogenic enzymes whose expression is tightly regulated by several pro-inflammatory transcription factors including nuclear factor kB (NF-kB) and activator protein 1 (AP-1) \[[@bib39],[@bib40]\]. Significant increases in NOS2 (≈1.8-fold) and MMP9 (≈2.4-fold) protein levels were detected in the atherosclerotic aorta of ApoE−/− (HD) mice compared with ApoE−/− (ND) animals. Notably, SAHA treatment prevented the up-regulation of NOS2 and MMP9 proteins in the aorta of ApoE−/− (HD) mice ([Fig. 8](#fig8){ref-type="fig"}). The data indicate that SAHA was very effective not only at reducing Nox expression and oxidative stress but also on down-regulation of markers of aortic inflammation, namely NOS2 and MMP9. Based on the fact that oxidative stress and inflammation are interrelated in atherosclerosis \[[@bib41]\], we may safely assume that SAHA alters the function of common transcription factors regulating oxidative stress-, and pro-inflammatory genes.Fig. 8Pharmacological inhibition of HDAC down-regulates the expression of proinflammatory markers in the aorta of atherosclerotic ApoE−/− mice. (A, B) Down-regulation of important biomarkers of vascular inflammation and remodelling, the NOS2 and MMP9 protein levels, following SAHA treatment, in the aorta of ApoE−/− (HD) mice. (C, D) Representative immunoblots depicting the fold changes in NOS2 and MMP9 expression levels in the aortic protein extracts derived from each animal group. n = 4--5, \**P* \< 0.05, \*\**P* \< 0.01. *P*-values were taken in relation to ApoE−/− (HD) condition.Fig. 8

3.10. Up-regulated HDAC induces significant increases in TNFα mRNA and secreted protein levels in cultured M1-like Mac {#sec3.10}
----------------------------------------------------------------------------------------------------------------------

Our in vivo studies were complemented by in vitro experiments on cultured mouse Mon-derived Mac. Based on the fact that two major Mac subsets (i.e., M1 and M2) have been detected within atherosclerotic lesions \[[@bib42]\], cultured Mac were polarized toward pro-inflammatory M1-like and anti-inflammatory M2-like phenotypes. As expected, higher mRNA levels of MCP-1 (≈9.8-fold), TNFα (≈4.2-fold), TLR2 (≈5.2-fold), and TLR4 (≈3.6-fold) were detected in M1-like Mac whilst the M2-like phenotype was defined by increased mRNA levels of CD206 (≈2.7-fold) and IL-10 (≈4.2-fold) ([Fig. 2](#fig2){ref-type="fig"} in Supplemental file). Moreover, the gene expression profiling indicated that similar to human and mouse atherosclerotic tissues, the transcript levels of HDAC1 (≈4.9-fold), HDAC2 (≈3.6-fold), HDAC3 (≈3.2-fold), HDAC4 (≈2.3-fold), HDAC6 (≈3.1-fold), and HDAC11 (≈2.5-fold) were significantly augmented in M1-like Mac compared with resting (M0-like) Mac. Particularly, significant increases in HDAC1 (≈3.2-fold) and HDAC11 (≈1.7-fold) mRNA expression were detected in M2-like Mac, but their gene expression levels remained under the values obtained in M1-like Mac ([Fig. 3](#fig3){ref-type="fig"} in Supplemental file). The data suggested that up-regulated HDAC subtypes may play an important role in the modulation of M1-like Mac pro-inflammatory functions. To answer to this issue, the gene and protein expression levels of the pro-inflammatory cytokine TNFα were assessed in resting and polarized M1/M2 Mac in the absence/presence of the HDAC inhibitor, SAHA. Significant elevations in TNFα mRNA (≈5.1-fold) and secreted protein (≈30-fold) levels were determined in M1-like Mac compared to resting Mac. Noteworthy, the induction of TNFα mRNA and protein levels were significantly reduced in SAHA-exposed M1-like Mac compared with non-treated M1-like cells ([Fig. 4](#fig4){ref-type="fig"} in Supplemental file). These results may provide the rationale and extended support for the previous demonstration of the potential anti-inflammatory effects of HDAC inhibitors in cultured Mac \[[@bib24]\].

3.11. SAHA-induced pharmacological inhibition of HDAC dampens the gene expression of Nox subtypes in cultured M1-like Mac {#sec3.11}
-------------------------------------------------------------------------------------------------------------------------

Evidence exists that ROS production is enhanced in M1-like Mac compared to either resting or M2-like Mac \[[@bib43]\]. Yet, the precise role and regulation of Nox expression in different Mac subsets is not entirely understood. The gene expression analysis demonstrated significant elevations in Nox1 (≈2.2-fold), Nox2 (≈5.6-fold), and Nox4 (≈2.3-fold) transcript levels in M1-like Mac compared with resting Mac. Since the expression of various Nox isoforms is tightly regulated by pro-inflammatory transcription factors such as NF-kB and STAT1 \[[@bib44], [@bib45], [@bib46]\], we may safely assume that the activation of these transcriptional regulators by combined actions of LPS and IFNγ potentially mediate the up-regulation of the catalytic Nox subunits in cultured M1-like Mac. Moreover, pharmacological inhibition of HDAC by SAHA blunted the up-regulation of Nox isoforms in M1-like Mac ([Fig. 5](#fig5){ref-type="fig"} in Supplemental file). Collectively, the data further confirm the expression pattern of the Nox subtypes and the pharmacological effects of SAHA in cultured M1-like murine Mac as determined in the aorta of atherosclerotic ApoE−/− mice.

To provide additional support for the implication of HDAC in the regulation of redox-sensitive pro-inflammatory signaling pathways, the mRNA expression analysis of genes known to be up-regulated in response to oxidative stress and inflammation, namely, SOD1 and SOD2 \[[@bib45]\] were determined. The gene expression analysis revealed significant increases in SOD1 (≈2-fold) and SOD2 (≈2.8-fold) mRNA levels in M1-Mac as compared to resting Mac. SAHA-induced pharmacological inhibition of HDAC down-regulated SOD1 and SOD2 mRNA expression levels in M1-Mac. Notably, a significant decrease in SOD2 transcript level was detected in M2-Mac in response to SAHA treatment ([Fig. 6](#fig6){ref-type="fig"} in Supplemental file).

4. Discussion {#sec4}
=============

Accumulating evidence indicates that alterations in the gene expression linked to atheroma formation are typically driven by dysregulated epigenetic-based mechanisms acting in conjunction with specific transcription factors \[[@bib47]\]. Thus, personalized treatment of atherosclerosis based on epigenetic understanding of patient disease has emerged as an important therapeutic strategy in reducing the burden of CVD \[[@bib48]\].

Within the epigenetic landscape, HDAC-based mechanisms have been increasingly connected to atherosclerosis-associated pathological processes including endothelial cell (EC) dysfunction, inflammation, vascular smooth muscle cell (SMC) proliferation and migration, and extracellular matrix synthesis. In cultured Mac, HDAC blockade negatively regulates M1-Mac activation and reduces Mac-derived foam cell formation via histone acetylation-based mechanisms that up-regulate ATP-binding cassette transporters ABCA1 and ABCG1 to induce cholesterol efflux in these cells \[[@bib24],[@bib33],[@bib49], [@bib50], [@bib51]\]. Yet, the precise role of HDAC and the rationale of using HDAC inhibitors in atherosclerosis continue to represent an arguable issue \[[@bib18]\]. In addition, the role of HDAC in mediating Nox up-regulation and oxidative stress in atherosclerosis is not known.

In this study we focused on HDAC as a potential crossing point epigenetic system that integrate and transduce pro-atherogenic signals to generate vascular oxidative stress. We hypothesized that the atherosclerotic plaque micro-environment drives HDAC-dependent epigenetic changes in vascular cells and infiltrated immune cells leading to abnormal signal transduction that ultimately induce the up-regulation of Nox subtypes and the ensuing oxidative stress, a pathological condition that is acknowledged as an important trigger of inflammatory reactions and metabolic abnormalities in atherogenesis \[[@bib21]\].

To tackle this issue we employed human non-, and atherosclerotic tissue samples, ApoE−/− mice, and cultured primary mouse Mon-derived Mac. The main findings of this study are: (1) class I (HDAC1, HDAC2, HDAC3), class IIa (HDAC4), class IIb (HDAC6), and class IV (HDAC11) HDAC are upregulated in atherosclerotic human carotid arteries and in the atherosclerotic aorta of hypercholesterolemic ApoE−/− mice; (2) pharmacological inhibition of HDAC by SAHA significantly reduces the progression of atherosclerosis and of the markers of immune cells infiltration in the aorta of ApoE−/− mice; (3) HDAC-dependent pathways mediate the induction of Nox1 and Nox4 expression, NADPH-stimulated ROS production, and the formation of 4-HNE-protein adducts (marker of oxidative stress) in the aorta of atherosclerotic ApoE−/− mice; (4) SAHA treatment down-regulates the aortic level of NOS2 and MMP9 proteins, major contributors to vascular inflammation and remodelling in atherosclerosis; (5) class I, IIa, IIb, and IV HDAC subtypes along with Nox1, Nox2, and Nox4 isoforms are significantly elevated in mouse pro-inflammatory M1-Mac in vitro; (6) pharmacological blockade of HDAC (by SAHA) reduces the expression levels of Nox1, Nox2, Nox4, and TNFα in cultured mouse M1-like Mac.

The augmented expression of various HDAC subtypes has been found significantly elevated in different experimental models of CVD \[[@bib12],[@bib14],[@bib15]\]. Therefore, several HDAC pharmacological inhibitors have been systematically employed in order to counteract the alterations in gene expression due to epigenetic instability in CVD. Evidence exists that HDAC3 and HDAC9 isoforms are mechanistically connected to atheroma formation \[[@bib32],[@bib33]\]. To further explore the potential association of other members of the HDAC family with atherosclerosis, we analyzed the expression pattern of key HDAC isoforms in human non-atherosclerotic and atherosclerotic arterial samples. Our data showed that additional HDAC subtypes were significantly up-regulated in human atherosclerotic carotid artery, namely members of class I (HDAC1, HDAC2, HDAC3), class IIa (HDAC4), class IIb (HDAC6), and class IV (HDAC11) HDAC. Notably, within the HDAC family, HDAC1 and HDAC2 display unique biological functions that can not be substituted by other HDAC subtypes \[[@bib52]\]. To the best of our knowledge, the present study provides the first evidence that HDAC1, HDAC2, and HDAC11 (less explored in CVD) proteins are induced in advanced human atherosclerotic lesions.

In order to partially recapitulate key pathobiological processes associated with human atherosclerotic disease (i.e., oxidative stress and inflammation), ApoE−/− mice were employed as an in vivo model of atherosclerosis. Our data demonstrated that all HDAC proteins analyzed in human specimens were also found significantly augmented in the atherosclerotic aorta of hypercholesterolemic ApoE−/− mice. Collectively, these results suggest that various HDAC subtypes are similarly regulated in both human and experimental atherosclerosis, and presumably, they direct analogous pathophysiological effects.

Our data are in good agreement and extend a compelling study demonstrating the elevated expression levels of HDAC1, HDAC2, HDAC4, and HDAC7 in human abdominal aortic aneurysm (AAA) and in the aorta of angiotensin II-infused ApoE−/− mice \[[@bib14]\]. Based on the fact that both atherosclerosis and AAA are characterized by severe oxidative stress and robust inflammation, we may safely assume that up-regulated HDAC isoforms are important tissue-specific biomarkers and also molecular triggers of key pathological pathways in these vascular diseases. Furthermore, our in vivo findings are consistent with a previous report demonstrating that HDAC1, HDAC2 and HDAC3 proteins are induced by mitogenic stimulation in cultured rat aortic SMC, an experimental set-up that recapitulate atherosclerosis-associated SMC hypertrophy and hyperplasia, a feature of neointima formation, in vitro \[[@bib19]\].

Based on the fact that several Zn^2+^-dependent HDAC isoforms are induced in both human and experimental atherosclerosis, we used a pan-HDAC pharmacological inhibitor, SAHA, to further explore the potential implication of HDAC-dependent pathways in atherogenesis. The results showed that atherosclerotic lesion progression and the protein levels of CD68 and CD45 molecules, indicators of Mac infiltration, were significantly reduced in response to SAHA in the aorta of ApoE−/− mice whereas plasma levels of total cholesterol, LDL-cholesterol, HDL-cholesterol, and triglycerides remained unaffected compared with vehicle-treated ApoE−/− mice fed a high-fat, cholesterol-rich diet.

To uncover the potential down-stream molecular effectors of HDAC, we focused on Nox enzymes, major contributors to ROS overproduction and oxidative stress in atherosclerosis \[[@bib21]\]. We found that the protein levels of the Nox catalytic subunits, Nox1 and Nox4, but not Nox2, were significantly reduced following SAHA treatment in the aorta of hypercholesterolemic ApoE−/− mice. Moreover, employing a method that partially detects Nox-derived ROS \[[@bib53]\], namely, lucigenin-enhanced chemiluminescence assay, we have determined that SAHA treatment blunted the induction of NADPH-dependent ROS generation in the atherosclerotic aorta ApoE−/− (HD) mice. Interestingly, previous studies demonstrated that the Nox1/4 dual pharmacological inhibitor, GKT137831, reduced aortic inflammation and the development of atherosclerotic lesions in diabetic ApoE−/− mice, suggesting that Nox-derived ROS are essential mediators of diabetes-accelerated atherogenesis \[[@bib35],[@bib36]\]. Consistent with these findings, we may safely assume that Nox1 and Nox4 down-regulation in response to HDAC blockade in ApoE−/− mice may partially explain the anti-atherosclerotic effects of SAHA, i.e., a reduced production of Nox1/4-derived ROS. Evidence from experimental pulmonary hypertension showed that pan-pharmacological inhibition of HDAC reduced Nox expression and mitigated structural alterations of the pulmonary arteries in rats \[[@bib12]\]. Other than that, in a recent study we have demonstrated that HDAC-dependent pathways play an important role in mediating Nox up-regulation, ROS overproduction, and oxidative stress in experimental diabetes in vivo and in vitro \[[@bib15]\]. Together, the data of present study extend to experimental atherosclerosis the role of HDAC subtypes as up-stream regulators of Nox expression.

The formation of lipid peroxidation products is acknowledged as an important biomarker of oxidative stress. Therefore, in this study we further assessed the occurrence of oxidative stress in the aorta of ApoE−/− mice by means of 4-HNE production, a major lipid peroxidation product of poly-unsaturated fatty acids. Particularly, we have previously reported that Nox-derived ROS enhanced the formation of 4-HNE in high glucose-exposed human aortic SMCs \[[@bib38]\]. The current data demonstrated that treatment of hypercholesterolemic ApoE−/− mice with SAHA led to a significant reduction in the formation of 4-HNE-protein adducts, possibly generated by Nox-induced ROS overproduction in the atherosclerotic aorta of these mice. Yet, the implication of other non-enzymatic or enzymatic pathways of 4-HNE formation should not be excluded.

Most of our current understanding of HDAC expression and function originate from cancer biology studies. HDAC isoforms are up-regulated in most cancer cells, a condition that induce chromatin condensation and consequently, the transcriptional repression of genes that function in tumor suppression, growth arrest, differentiation and apoptosis \[[@bib54]\]. Yet, in our study the HDAC inhibitor SAHA, at relatively low concentration, significantly reduced the expression of Nox, oxidative stress, inflammation, and atherosclerotic lesion progression in mice. Notably, the activity of some HDAC inhibitors seems to be very peculiar, featuring pro-inflammatory effects at high concentrations and anti-inflammatory effects at low concentrations \[[@bib55]\]. Mechanistically, others and we have shown that various HDAC subtypes control the activities of several pro-inflammatory transcription factors including NF-kB, AP-1, and STAT by molecular means that remain largely unclear \[[@bib8],[@bib15],[@bib56]\]. Based on the fact that these transcription factors are instrumental for Nox up-regulation under inflammatory conditions \[[@bib44], [@bib45], [@bib46],[@bib57]\], we may assume that SAHA negatively interferes with the function of specific transcription factors regulating Nox expression. In addition, possible mechanisms of HDAC inhibitor-induced down-regulation of gene expression may involve degradation of p300/CBP, an essential transcriptional co-activator \[[@bib58]\].

To further ascertain the involvement of HDAC-dependent pathways in vascular inflammation, the protein expression levels of NOS2 and MMP9 were determined. We found that the expression of both molecules contributing to vascular inflammation and remodelling was reduced in SAHA-treated mice. Moreover, the mRNA expression levels of SOD1 and SOD2, two antioxidant enzymes whose expression is tightly regulated by redox-sensitive pro-inflammatory transcription factors \[[@bib45]\], were significantly reduced following SAHA treatment in cultured M1-Mac. This evidence further supports the anti-inflammatory potential of SAHA in experimental atherosclerosis.

Evidence exists that various pharmacological inhibitors of HDAC reduce the pro-inflammatory responses while enhancing the anti-inflammatory functions of M2-polarized Mac in vitro \[[@bib24]\]. Yet, the underlying mechanisms and the rationale of using HDAC inhibitors on these cells are scantily elucidated. Thus, we performed experiments on M1-like pro-inflammatory and M2-like anti-inflammatory Mac owing to their important role in atherogenesis \[[@bib42]\]. Our data indicated a robust up-regulation of the HDAC transcripts in M1-Mac, suggesting that various HDAC subtypes may play a role in mediating inflammatory Mac functions. Consistent with the findings in mice, augmented Nox1, Nox2, and Nox4 mRNA expression levels were determined in M1-Mac compared with M0-or M2-Mac. Moreover, HDAC blockade by SAHA reduced mRNA levels of Nox isoforms and the gene and protein expression of TNFα in cultured M1-Mac. Collectively, the gene expression profile of the HDAC isoforms provides additional support for the rationale of using HDAC inhibitors on cultured Mac and may fairly explain the potential anti-atherosclerotic effects of HDAC inhibitors.

As mention above, several line of evidence implicates various HDAC subtypes in atherosclerosis either directly or indirectly. Silencing of HDAC1, HDAC2 or HDAC3 subtypes prevented serum-induced vascular SMC proliferation. Notably, similar findings were demonstrated employing scriptaid, a broad-spectrum HDAC inhibitor, both in vitro and in a mouse model of neointima formation \[[@bib19]\]. In contrast, other study showed that knockdown of HDAC7 promotes SMC proliferation in vitro \[[@bib49]\]. Up-regulation of HDAC3 has been demonstrated in human atherosclerotic lesions, especially in Mac-rich areas. In addition, genetic ablation of HDAC3 in myeloid cells promoted anti-inflammatory Mac function, reduced lipid depositions, and accelerated the production of collagen by vascular SMC via Mac-derived TGF-β secretion, a condition that contributes to the atherosclerotic plaque stabilization in low-density lipoprotein receptor-deficient (LDLr−/− mice) \[[@bib32]\]. Consistent with these findings, it was reported that HDAC3 subtype plays a major role in the regulation of pro-inflammatory gene expression in Mac \[[@bib59]\]. On the same line, overexpression of HDAC6 induced Nox-derived ROS-dependent inflammatory responses in cultured mouse Mac \[[@bib50]\]. Interestingly, the formation of atherosclerotic lesions was reduced in LDLr−/− HDAC9−/− double knockout mice, whereas genetic ablation of HDAC9 in bone morrow cells reduced atherosclerosis and promoted anti-inflammatory Mac polarization in vitro \[[@bib33]\].

Considering these independent reports, one can predict that several HDAC subtypes could have overlapping biological functions or are interrelated in the process of atheroma formation. Interestingly, our data provide evidence that in the context of multiple HDAC isoform induction, the pan-HDAC inhibitor SAHA displays similar anti-atherosclerotic effects in mice, comparable to previous reports highlighting that systemic or cell-specific genetic ablation of a single HDAC isoform impedes atherosclerosis. Thus, the existence of compensatory or redundant regulatory mechanisms within HDAC system, as well as the complex networking among HDAC subtypes and cell/gene-specific transcription factors remains open issues. In this context, the rationale of using pan- or isoform specific HDAC inhibitors in atherosclerosis is still questionable and requires further and closer attention.

Collectively, the main findings of this study indicate that in atherosclerosis, pharmacological inhibition of up-regulated HDAC reduces the augmented aortic expression of Nox subtypes and the ensuing ROS overproduction and oxidative stress, decreases the markers of inflammation, and the formation of atherosclerotic lesions in mice. Since multiple HDAC subtypes are also up-regulated in human atherosclerosis, HDAC-oriented pharmacological interventions could be an effective novel or additional therapeutic strategy in atherosclerosis.
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